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Parkinson’s disease (PD) is one of the most common neurodegenerative disorders. A
theoretical approach of our previous experiments reporting the cytoprotective effects
of the Valeriana officinalis compounds extract for PD is suggested. In addiction to
considering the PD as a result of mitochondrial metabolic imbalance and oxidative
stress, such as in our previous in vitro model of rotenone, in the present manuscript
we added a genomic approach to evaluate the possible underlying mechanisms of
the effect of the plant extract. Microarray of substantia nigra (SN) genome obtained
from Allen Brain Institute was analyzed using gene set enrichment analysis to build a
network of hub genes implicated in PD. Proteins transcribed from hub genes and their
ligands selected by search ensemble approach algorithm were subjected to molecular
docking studies, as well as 20 ns Molecular Dynamics (MD) using a Molecular Mechanic
Poison/Boltzman Surface Area (MMPBSA) protocol. Our results bring a new approach
to Valeriana officinalis extract, and suggest that hesperidin, and probably linarin are able
to relieve effects of oxidative stress during ATP depletion due to its ability to binding
SUR1. In addition, the key role of valerenic acid and apigenin is possibly related to
prevent cortical hyperexcitation by inducing neuronal cells from SN to release GABA
on brain stem. Thus, under hyperexcitability, oxidative stress, asphyxia and/or ATP
depletion, Valeriana officinalis may trigger different mechanisms to provide neuronal cell
protection.
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INTRODUCTION
Parkinson’s Disease (PD) is the second most common
progressive neurodegenerative disorder affecting older American
adults and is predicted to increase in prevalence as the USA
population ages. A population-based study of US Medicare
beneficiaries found a mean prevalence of 1.6% for PD among
persons 65 years and above (Beitz, 2014). This disease is
characterized by a selective and progressive degeneration of
dopaminergic neurons and the presence of Lewy bodies in
the neurons of the Substantia Nigra pars compacta (SNpc;
Cabezas et al., 2012, 2014; dos Santos et al., 2014, 2015; Willard
et al., 2015). Imaging studies have shown that 70% of the
dopaminergic neuron loss from SN is the result of a scarcity
in the catecholamine neurotransmitter dopamine, generating
the characteristic motor symptoms of PD (Rieckmann et al.,
2015). The cause of dopaminergic cell death in PD remains
unknown, but it seems like to be associated with a number
of insults that may trigger programmed cell death such as
calcium influx, oxygen free radicals species of oxygen (ROS) and
mitochondrial complex I (Cx-I) inhibition (Hald and Lotharius,
2005; Abdin and Hamouda, 2008; Barreto et al., 2011; Cabezas
et al., 2012).
Therapeutic efforts aimed at the removal of ROS or
prevention of their formation may be beneficial in PD. In
this regard, natural products are attractive sources of chemical
structures that exhibit potent biological activities with desirable
pharmacological profiles. Several reports have suggested that
flavonoids and alkaloids may be useful to protect cells from
ROS toxicity (Cummings and Zhong, 2006; Albarracin et al.,
2012; Sutachan et al., 2012; Kwon et al., 2014; Bae et al., 2015;
Hiep et al., 2015). The presence of flavonoids in Valeriana
officinalis extract makes this plant attractive for the search
of a daily neuroprotective product for human consumption
(Adel Pilerood and Prakash, 2014). However, it is important
to consider that an extract is a mixture of different substances
and, thus, other compounds may be responsible for these effects.
Candidates that can act in CNS may also include alkaloids,
terpenes and phenolic compounds, volatile oils, like valerenic
acid or valeranone, or the valepotriate group (Houghton,
1999; Kennedy and Wightman, 2011). In Brazil, Valeriana
officinalis has been used in traditional medicine for its sedative,
anticonvulsant, hypnotic effects, and anxiolytic activity (Carlini,
2003).
Previously, our group (de Oliveria et al., 2009) observed
that Valeriana officinalis decreased rotenone-induced apoptosis
in human neuroblastoma SH-SY5Y cells in a PD in vitro
model. In spite of some hypothetical addressed designers
and anatomic limitations in this model, the real mechanism
involved in Valeriana officinalis-induced neuroprotection, not
only in vitro, but also in a true systemic neural network
on PD, remains to be completely delineated. The rotenone
model largely only gained attention following the seminal
article by the Greenamyre group, which demonstrated for
the first time that rotenone administered systemically to
rats can reproduce the hallmarks of PD (Betarbet et al.,
2000).
Rotenone, a flavone pesticide, inhibits Cx-I of the
mitochondrial electron transport chain leading to reduced
ATP production and electron leakage that can form reactive
oxygen species such as superoxide, subsequently causing
reduced glutathione levels and oxidative stress (Cabezas et al.,
2012; Johnson and Bobrovskaya, 2015). Some previous studies
have shown that Cx-I impairment may be inherited in familial
PD, indicating that Cx-I might account for some types of the
sporadic forms of the disease (Dawson and Dawson, 2003).
In this article, our aim was to provide some mechanistic
insights into the neuroprotective action of the Valerian’s
extract, taking into account the necessity of overcoming some
clinical and structural constraints raised in our previous
experimental model of PD in neuroblastome SH-SY5Y (de
Oliveria et al., 2009). To accomplish this, we are using a
powerful method of large-scale transcriptional profiling,
combined with system biology techniques and pathway
analysis to address the interactome of human SN, targeting
genes related with the PD. Legal, ethical questions and high
experimental costs make the computational system biology a
reliable alternative as a back-end or first approach screening
either before or after the laboratory bench (Edwards et al.,
2011).
MATERIALS AND METHODS
In our previous study, de Oliveria et al. (2009), argued that
the extract of Valeriana officinalis must be a target in the
search for new agents for the treatment of PD. In this study,
cell viability assays clearly showed that the aqueous extract of
Valeriana officinalis protected SH-SY5Y cells against damage
induced by rotenone, but the underlying mechanisms are
not fully understood. Indeed, it is not clear how Valeriana’s
extracts may act on human PD brain. To address this question
we have to deal with two different issues: e.g., (i) why
not all dopaminergic neurons fall in death in PD (Betarbet
et al., 2000); and (ii) which of the extract components take
part on this process. In spite of the structural constraint,
we have performed a mechanistic model targeting changes
in hub genes expression, assuming the PD as a result of
imbalance between ROS and ATP depletion in mitochondria
of neurons containing dopamine in SN (Yao and Wood,
2009).
Microarray data were retrieved from the Allen Brain Atlas1,
an online database containing valued assets freely available
of the entire genome of the human brain (Hawrylycz et al.,
2012). Data were obtained interactively during the experiment,
selecting the structures of interest from six subjects. The basal
ganglia SN was chosen in a list, as being the most remarkable
structure in PD. The array of genes obtained (Supplementary
Table 1) were used as seed input list for the two applications
Gene2Fan2 (Dannenfelser et al., 2012) and Expression2Kinase
(Chen et al., 2012) tuning to developing network biology protein-
protein interaction. To determine the high degree of connectivity
1www.brain-map.org/
2http://actin.pharm.mssm.edu/genes2FANs/
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FIGURE 1 | Hierarchical clustering used to get insight about gene hub from microarray list.
between genes or ‘‘hub genes’’, it was used the centrality
measurement (CM). CM is related to the value function of a
node in a graph representing a complex network. The index
can be derived from the number of directed paths arriving
or living the node. For better overview, see Opsahl et al.
(2010).
The next step was to access how the main components
of Valeriana could be acting in the modulation of pathways
associated with these transcripts on PD’s (Figure 1). In order
to achieve this, we compared the similarity between the list of
drugs obtained from X2Kinase (Chen et al., 2012) and Enricher3
(Chen et al., 2013), using the algorithm of similarity ensemble
approach4 (Keiser et al., 2007). Similarity Ensemble Approach
(SEA) makes use of the Tanimoto’s algorithm, a coefficient
based in a reliable mathematical model for computing molecular
similarities. Using this method, it is possible to generate a
molecular fingerprint, which can be used to compare a set
of multiple molecules at once in a reduced computing time.
Different chemical groups are used to generate the fingerprint
patterns (Bajusz et al., 2015).
The structure of each target molecule (transcripts of hub
genes) was obtained from PDB.5 All Valerian compounds
structures were obtained from PubChem database6 and
saved in sdf format. In addition, ligand structures were
3http://amp.pharm.mssm.edu/Enrichr/
4http://sea.bkslab.org/search/
5www.pdb.org
6http://pubchem.ncbi.nlm.nih.gov/
previously checked by Marvin 15.4.207 for docking studies.
Before docking calculations, we used Autodock Tools 1.5.6
(Trott and Olson, 2010) in order to prepare protein and
ligand structures according to the following steps: (1) define
a grid box for each protein target, considering each active
site previously described by crystallographic studies; (2)
check each ligand structures for torsions, as well as adding
polar hydrogens, Gaigster and Kollman charges; (3) save all
molecules in pdbqt format. Autodock Vina (Trott and Olson,
2010) was used to calculate affinity energies for each complex.
Discovery Studio 4.0 was used to generate 2D interaction
maps, considering a 2.0 Å distance between the ligand and
the active pocket amino acids. Molecular Dynamics (MD)
simulations were performed by GROMACS 5.0.58, using
Molecular Mechanic Poison/Boltzman Surface Area (MMPBSA)
protocol for 20 ns of simulation time. After each MD simulation
set, we generated Root Mean Square Deviation (RMSD)
graphics for both complexes and individual ligands, and for the
number of hydrogen bonds generated during the simulation
time.
RESULTS
We have reconstructed a gene map of microarray expression
from Allen Brain Atlas9, a public database maintained by
7https://www.chemaxon.com/
8http://www.gromacs.org/
9http://www.brain-map.org
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FIGURE 2 | Pathway association between TH and metabolic process via ABCC8 (Kir6.2) (A). The six hub genes obtained from Allen Brain Atlas via yEd
application (B).
Allen Brain Institute (Hawrylycz et al., 2012). In the first
step, 101 genes (Supplementary Table 1) were organized
in hierarchical clustering and used as seed input list of
the applications Expression2Kinases (Chen et al., 2012)
and Enricher10 to provide enrichment (GSEA; Chen
et al., 2013). A list of 98 genes obtained was analyzed
via yEd11 and optimized to genes associated to PD. Six
clusters emerged forming the sub networks alpha-synuclein
(SNCA), leucine-rich repeat kinase 2 (LRRK2), tyrosine
hydroxylase (TH), Casein kinase 1 (CNSK1), Prohibitin
2 (PHB2) and Bcl-2-associated death promoter (BAD)
(Figure 2A).
To assess genomic profile, the six hubs (Figure 2B) were
confronted using AmiGO12 (Ashburner et al., 2000) and
Enricher13 (Chen et al., 2013). As a result, all GO processes
previously generated were related to proteasome, and PD.
Data were confirmed from pathways resources such as Kegg14,
BioCarta15 and Reactome16 assessed directly from Enricher17
(Chen et al., 2013).
Even though the genome profile of SN has revealed six
major genes, the use of centrality measure reported the gene
SNCA as the highest degree. SNCA acts inhibiting TH directly,
10http://amp.pharm.mssm.edu/Enrichr/
11www.yworks.com
12http://amigo.geneontology.org/amigo
13http://amp.pharm.mssm.edu/Enrichr/
14http://www.genome.jp/kegg/
15http://www.biocarta.com
16http://www.reactome.org/
17http://amp.pharm.mssm.edu/Enrichr/
preventing dopamine release (Henchcliffe and Beal, 2008).
To gain insights into these mechanism of action, we needed
to filter out the genes, in these network, whose transcripts
could have a potential involvement with dopamine, rotenone,
mitochondrial metabolism, mitochondrial ROS imbalance and
the compounds of Valerian related with the previous experiment
of de Oliveria et al. (2009). But now, we have considered just
a new structural parameter associated to a cortical inhibition
by neuronal cells of SN. This process was achieved using
Pathwaycommons, whose purpose was to identify commons
pathways between hub genes.18 To perform molecular docking
analysis (Figure 3) of transcripts from the same network
linking SNCA and TH with the main compounds of the
plant, we used Autodock Vina Tools (Trott and Olson, 2010;
Table 1).
To identify a viable mechanism of action for the Valerian
extract, we selected apigenin, linarin, hesperidin and valerenic
acid as the main representative compounds of the four families of
substances present on the extract (National Toxicology Program,
Chemical Information Review Document, 2009). These elements
have been compared with drugs of recognized action on the
SNCA and TH, both transcripts of the hub genes SNCA and TH,
respectively (Table 2).
Ligand-Based Screening Approach
Drug targets were selected based on the profile of hub genes
SNCA and TH generated by the Enricher application (Keiser
et al., 2007). Furthermore, drugs were divided into cAMP
18http://www.pathwaycommons.org
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FIGURE 3 | Docking between alpha-synuclein (SNCA) and Valerian
compounds. Apigenin (green) and valerenic acid inside active site, while
linarin and hesperidin appears out.
TABLE 1 | Affinity energies for docking calculations between
alpha-synuclein and tyrosine hydroxylase with Valerian compounds.
Target Valerian RMSD Affinity energy
compound (Kcal/mol)
SNCA Apigenin 9.019 −5.1
Valerenic acid 9.548 −4.4
Valerenic acid 0 −7.4
TH Apigenin 0 −8.9
Linarin 0 −9.3
Hesperidin 0 −9.4
TABLE 2 | Similarity Ensemble Approach (SEA) search results for Valerian
compounds.
Known drug Valerian compound Max TC
Methylpredinisolone Acid valenenic 0.60
Norethynodrel Acid valenenic 0.59
Androsterone Acid valenenic 0.52
Menadione Apigenin 0.51
Atractyloside Hesperidin 0.47
Atractyloside Linarin 0.45
Resveratrol Apigenin 0.45
Menadione Linarin 0.42
up and down regulation (Table 2). The search tool SEA19
(Keiser et al., 2007), was used to retrieve the probable similarity
between drugs and the targets of Valerian, using the Tanimoto’s
Coefficient (Max TC; Keiser et al., 2009). According to Table 2,
19http://sea.bkslab.org
FIGURE 4 | Valerian compounds inside TH active site. In this docking,
apigenin (green), valerenic acid (yellow), hesperidin (cyan) and linarin (orange),
all the molecules interacting with TH active site.
FIGURE 5 | Kir receptor complexed with Valerian compounds. Apigenin
(cyan) and valerenic acid (green) interacting with active site. Hesperidin and
linarin did not fit in the binding site of Kir.
we observed that glucocorticoids are the major class of drug
widely related to gene profile obtained for the SN. In SEA
results, the main components of Valerian that shared structural
similarity with target drugs was valerenic acid (Max TC =
0.60) and apigenin (Max TC = 0.51). Both key compounds of
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plant extract, which are recognized on literature as aggregation
inhibitors of SNCA, as observed in Figure 3 (Uversky et al.,
2014).
Pathways and Molecular Docking
As observed in Figure 2A, obtained from the Pathwaycommons,
the gene encoding the protein kinase-A (PRKCA), associated
to several cell functions, such as apoptosis, emerges as a link
between the hub gene SNCA, TH and the main mitochondrial
genome expressed on SN cells.
It appears significant that ABCC and KCNJ families
emerge as a high connectivity node in this new subnetwork,
since they are tied to metabolic control with the membrane
potential of mitochondria (Akao et al., 2001; Deutch and
Winder, 2006; Wang et al., 2011). Therefore, molecular
docking was used to evaluate and quantify the interaction
of Valerian compounds with TH, K+ inward rectifier
channel (ABCC8) and sulfonylurea receptor (KCNJ11;
Figures 4–6). According to the literature, GABAergic
neuronal cells of Substantia Nigra pars compacta (SNpc),
a remarkable area in PD, exhibit a large expression of
ABCC8 to control GABA release on brain stem. In this
way, we decided to dock GABAA receptor with components
of valerian to predict whether the extract could act as a
modulator of cortical excitability, feature not tested in de
Oliveria et al. (2009), but capable of being evaluated in
a in silico model hereafter. Dynamic simulations retrieve
energy values for docking calculations between GABAA
(2YOE), the target and the four Valerian compounds (ligands;
Figures 7A–F).
FIGURE 6 | Apigenin (cyan), valerenic acid (green), hesperidin (yellow)
and linarin (orange) complexed with SUR1.
Valerian Compounds and GABA
As observed in Figures 7A–F, only valerenic acid and apigenin
remain in the binding pocket after a set of 20 ns MD simulation.
In order to validate the GABAergic effect of valerenic acid
and apigenin with GABAA receptor (2YOE), we re-dock the
crystallographic structure of Flurazepan (Figure 8), a standard
ligand to this channel (Cope et al., 2005). MD simulation
(Figures 7A–F, 8) showed complex behavior after 20 ns
MMPBSA. The RMSD of 2YOE-valerenic acid complex was
0.5 Å, while in the complex 2YOE-apigenin was 0.6 Å. In
the analysis of structural stability of both Valeriana ligands,
valerenic acid presented an RMSD of 0.07 Å and apigenin, 1.3
Å. Furthermore, we observed constant fluctuations in GABAA,
between 0.07 Å and 0.13 Å, when the receptor is complexed
with apigenin. On the other hand, GABAA presentedmore stable
when complexed with valerenic acid, ranging from 0.07 to 0.11
Å of fluctuation. Additionally, when we verified the number of
hydrogen bonds, valerenic acid seemed more stable, changing
from 2 to 3 hydrogen bonds, while apigenin presented just one
hydrogen bond for all simulation time. As expected, Valerian
compounds complexes in the same GABAA active site with
Flurazepan, thus confirming our hypothesis (Figure 8).
Valerian Compounds and SUR1
Regarding the docking results (Table 3), as well as the 2D
map interactions (Figure 9D), we selected hesperidin as the
molecule with the best capacity to interact with SUR1. Figure 9A
shows the RMSD fluctuations of the complex SUR1-hesperidin.
As observed, the interaction was stable from the first steps of
simulation until the end of the 20 ns. The RMSD of the ligand
was almost invariable (Figure 9B), as well as the complex. From
the beginning of the simulation up to 10 ns, the number of
hydrogen bonds between SUR-hesperidin varied from 5 to 1 and
after it reached three interactions at the end of the simulation
(Figure 9C). The final binding free energy value at 20 ns was
−119.771 KJ/mol (±4.841). These results indicated that SUR1
and hesperidin formed a strong and stable interaction from the
beginning until the end of 20 ns of simulation. This can be
explained because the SUR1 active site and hesperidin share most
of hydrophobic features. Indeed, SUR1 may interact with Kir6.2,
a transcript of ABBC8, thus forming a complete functional
channel.
DISCUSSION
PD includes multiscale dysfunctions associated to severe loss of
nigrostriatal neurons mainly associated to oxidative stress attack,
and abnormal concentration of amyloid plaques derived from the
oxidation of substances such as dopamine and high amount of
SNCA (Gaiteri et al., 2014). It is recognized that mutations in
diferents genes such as SNCA, parkin (PRKN), LRRK2, PTEN-
induced putative kinase 1 (PINK1) are involved in some sporadic
forms of the PD (Wood-Kaczmar et al., 2006; Gaiteri et al., 2014).
As reported by our analysis, only SNCA and TH are shown as a
hub gene related to our previous experiments in de Oliveria et al.
(2009) (Figure 2B). In spite of strong evidences, the precisely
physiological function of SNCA and its interaction with TH on
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FIGURE 7 | Twenty nanoseconds Molecular Dynamics (MD) Molecular Mechanic Poison/Boltzman Surface Area (MMPBSA) for complexes between
GABAA with apigenin and valerenic acid. (A) Root mean square deviation (RMSD) fluctuations for GABAA-Apigenin complex; (B) RMSD fluctuations for valerenic
acid; (C) Apigenin RMSD variation; (D) valerenic acid RMSD variations; (E) hydrogen bonds fluctuations for apigenin inside GABAA active site; (F) hydrogen bonds
fluctuations for valerenic acid inside GABAA active site.
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PD do not remain clear. However, some studies have shown
that SNCA is differentially expressed in cell compartments.
It has a high expression in inner mitochondrial membrane
when compared to the cell cytoplasm. In mammalian brain,
SNCA is predominantly expressed in hippocampal formation
and striatum, with many evidences showing that the protein
plays a role in several neurodegenerative disease (Dodson and
Guo, 2007). A single mutation (SNP) of the SNCA gene can
also lead to a general form of PD, resulting in the accumulation
of Lewy bodies within the surviving cells (Mata et al., 2006).
This reduction in solubility of synuclein modifies the action
of the enzyme TH, resulting in an increased concentration of
dopamine and cytoplasmic ROS generated from its derivatives
in oxidation form (Qi et al., 2014). As observed in Table 1,
SNCA does not seem to be the substrate of the main components
of Valeriana oficcinalis. In contrast, TH and dopamine may be
the key for the preferential susceptibility of death in neurons
containing dopamine in PD. A great body of in vitro and in vivo
evidences, especially those associated with pesticide rotenone and
inhibition of Cx-I, have been very useful (Cabeza-Arvelaiz and
Schiestl, 2012; Giordano et al., 2012). Nevertheless, if we consider
that rotenone causes mitochondrial Cx-I inhibition on entirely
brain regions, and not only on SN cells, these unspecified brain
distribution and preference for neurons containing dopamine
may suggest that inhibition of Cx-I should be a secondary route
of toxicity. Therefore, there must be something intrinsically
related to dopamine metabolism, such as ATP depletion,
dopamine overproduction and imbalance of NAD+/NADH,
which are capable to induce selective death of dopaminergic
neurons (Cabeza-Arvelaiz and Schiestl, 2012). Furthermore, our
experiments with molecular docking between rotenone and Cx-I
revealed a lower affinity energy of−7.8 Kcal/mol when compared
to −10 Kcal/mol (Supplementary Table 1) exhibited by the
complex with NADH, putting forward a new consideration about
rotenone and neuronal cell death.
Reduction on membrane mitochondrial potential (MMTP)
decreases ATP/ADP concentrations, promoting Ca++ imbalance
and increasing of ROS production as a consequence (Sai
et al., 2008). Moreover, rotenone leads to upregulation and
aggregation of SNCA and APP conversion into the form
beta amiloid, which is related to endoplasmic reticulum (ER)
stress by SNCA oligomer accumulation. These findings are in
agreement with our analysis of centrality using microarray data
(Figure 2B).
Impairments on mitochondrial respiration play several
important functions in neuronal death on SN in PD, a cerebral
TABLE 3 | Affinity energies for docking calculations between Kir and
SUR1 with Valerian compounds.
Target Valerian compound RMSD Affinity energy (Kcal/Mol)
SUR Hesperidin 0 −6.3
Linarin 0 −5.9
Apigenin 0 −5.2
Valerenic acid 0 −4.5
Kir Apigenin 0 −6.5
Valerenic acid 0 −5.5
FIGURE 8 | GABAA receptor docked with Flurazepan and Valerian
compounds. Apigenin (yellow) and valerenic acid docked in the same site of
Flurazepan (red).
region with dense expression of K-ATP channels (Henchcliffe
and Beal, 2008; Perier and Vila, 2012).
The genes ABCC8 (SUR1), an ATP Bind Cassette
subfamily, are associated to couple cellular energetic process
to transmembrane potential by controlling the sensitivity
of type ATP-inward-rectifier potassium channels, such that
coded by kcnj4 and Kcnj11 (Liss et al., 2005). SN plays a
key role in protecting neurons from seizures by preventing
hyperexcitation under asphyxia or ATP depletion due to its
capacity to release GABA in neuronal cell terminal. In this
area, GABAergic pre-synaptic neurons have predominantly
potassium ATP (KATP) channels that modulate the release
of this neurotransmitter. An increase in ATP/ADP rates
(high metabolic glucose consumption) closes the channel
leading to cell depolarization by Ca++ influx (Liss et al.,
2005; Sun and Feng, 2013). Under stress circumstances,
such that induced by rotenone, the reduction of ATP/ADP
prevents SN to release GABA, and, consequently, low levels
of GABA may lead to cell damage as well as an increase
in dopamine release (Amoroso et al., 1990; Sun and Feng,
2013).
According to our docking analysis (Figure 6), valerenic acid
binds to SUR1 active site. This ligand accepts one hydrogen by
its carboxyl group from ASN 828 and forms other electrostatic
and Van der Waals interactions with other eight amino acids.
These interactions are weak, when compared to the response of
valerenic acid to GABAA receptors (Yuan et al., 2004; Khom
et al., 2007, 2010; Trauner et al., 2008). In such situation,
valerenic acid seems to have a secondary effect in SUR1
(Figure 6).
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FIGURE 9 | MMPBSA simulation results for the complex SUR1 with hesperidin and 2D interaction map. (A) RMSD fluctuations for SUR1-Hesperidin
complex; (B) RMSD fluctuations for hesperidin; (C) hydrogen bonds fluctuations for hesperidin inside SUR1 active site; (D) 2D interaction map for hesperidin inside
SUR1 active pocket.
At the same way, docking between apigenin and SUR1 shows
ARG 836 acting as a cation and forming two Pi interactions
with the ligand. Other interactions are mainly electrostatic and
the stereochemical effect is similar to valerenic acid, which
explains its affinity with GABAA receptors (Avallone et al., 2000),
reducing dopamine toxicity overproduction and preventing
dopamine release from SN’s nerve cells, a pivotal area in
development of PD.
Another possible neuroprotective effect exerted by Valerian
in PD model reported by de Oliveria et al. (2009) appears
to be accomplished by its flavones hesperidin and linarin on
KATP channel sensor (SUR1). Complex hesperidin-SUR1
shows a strong interaction in the active site. ARG 836 and
SER 830 formed Pi and Sigma interactions, respectively.
The ligand accepted seven hydrogen interactions from
GLN 833, ASN 828, LEU 829, GLY 831, ALA 858, and its
stereochemistry seemed to make a more stabilized docking,
in comparison to valerenic acid and apigenin. Moreover,
hesperidin activity is described as reducing oxidative stress
(Tirkey et al., 2005) and acting in MAPK pathway (Kim
et al., 2011). At the same way of hesperidin, linarin fitted
strongly to SUR1 receptor. The ligand mainly interacted
to SER 857, accepting one hydrogen bond and donating
two. Other interactions were electrostatic and Van der
Waals.
As previously described, hesperidin and linarin are two of the
main constituent of Valeriana’s extract exhibiting a high affinity
to KATP channel, which are related to the control of Ca++
concentration and release of GABA in synaptic nerve terminal,
mainly on cells of SN (Henchcliffe and Beal, 2008; Perier and
Vila, 2012). Due to the blockage of KATP channel by binding to
SUR1 (internal subunit associated to Kir6.2), flavones ofValerian
should revert the membrane transient toward the positive status.
At the same way, voltage sensitive Ca++ inward opens to
restore the balance between ATP depletion. Theses flavones
in such situation could resemble a ATP signaling, activating
Kir6.2 to restore MMTP and thus preventing apoptosis in SN
neuronal cell containing dopamine, a remarkable consequence
in PD.
Our report brings a new approach using hesperidin and
linarin relating to alleviating the effects of oxidative stress in PD.
Some authors described linarin activity as sedative and sleep-
enhancer (Fernández et al., 2004), but it was not related to any
specific receptor. Additionally, linarin was described as a selective
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inhibitor of acetilcholinesterase (Oinonen et al., 2006). Thus, this
is the first study describing themechanism of interaction between
SUR1 and linarin as a probable inhibitor ligand. Finally, in this
work we suggest that hesperidin and linarin have a synergic
activity in Valerian’s extracts, thus corroborating our previous
experimental data in the in vitro PD model (de Oliveria et al.,
2009).
CONCLUSION
Despite the complexity relating to evaluating a plant extract
and its constituent interactions, we performed several theoretical
analysis trying to figure out the key role of the neuroprotective
effect exerted by the extract of Valeriana officinalis. Its most
remarkable effect is associated to anxiety and sleep modulation
mediated by valerenic acid and the flavon apigenin by binding
as agonists to GABAA receptors in brainstem (Trauner et al.,
2008). Similarly in previous studies, our data suggest that there
are, at least, two main pathways associated to pharmacological
effect of Valerian’s neuroprotection in PD model (Riedel
et al., 1982). It appears to be carried out by a GABAergic
activity, reducing neuronal hyperactivity and dopamine release
during oxidative stress, a situation associated to ATP/ADP
mitochondrial balance.
AUTHOR CONTRIBUTIONS
All authors listed, have made substantial, direct and
intellectual contribution to the work, and approved it for
publication.
ACKNOWLEDGMENTS
GS work is supported by Universidade Estadual do Sudoeste
da Bahia. This work was also supported in part by Pontificia
Universidad Javeriana grants IDs 5575 and 5024 and Jóvenes
Investigadores (Colciencias, 2014, ID 6027).
SUPPLEMENTARY MATERIAL
The Supplementary Material for this article can be found online
at: http://journal.frontiersin.org/article/10.3389/fnagi.2016.000
97/abstract
REFERENCES
Abdin, A. A., and Hamouda, H. E. (2008). Mechanism of the neuroprotective role
of coenzyme Q10 with or without L-dopa in rotenone-induced parkinsonism.
Neuropharmacology 55, 1340–1346. doi: 10.1016/j.neuropharm.2008.
08.033
Adel Pilerood, S., and Prakash, J. (2014). Evaluation of nutritional composition
and antioxidant activity of Borage (Echium amoenum) and Valerian (Valerian
officinalis). J. Food Sci. Technol. 51, 845–854. doi: 10.1007/s13197-011-
0573-z
Akao, M., Ohler, A., O’Rourke, B., and Marbán, E. (2001). Mitochondrial
ATP-sensitive potassium channels inhibit apoptosis induced by oxidative
stress in cardiac cells. Circ. Res. 88, 1267–1275. doi: 10.1161/hh1201.
092094
Albarracin, S. L., Stab, B., Casas, Z., Sutachan, J. J., Samudio, I., Gonzalez, J.,
et al. (2012). Effects of natural antioxidants in neurodegenerative
disease. Nutr. Neurosci. 15, 1–9. doi: 10.1179/1476830511Y.0000
000028
Amoroso, S., Schmid-Antomarchi, H., Fosset, M., and Lazdunski, M.
(1990). Glucose, sulfonylureas and neurotransmitter release: role of
ATP-sensitive K+ channels. Science 247, 852–854. doi: 10.1126/science.
2305257
Ashburner, M., Ball, C. A., Blake, J. A., Botstein, D., Butler, H., Cherry, J. M., et al.
(2000). Gene ontology: tool for the unification of biology. The gene ontology
consortium. Nat. Genet. 25, 25–29. doi: 10.1038/75556
Avallone, R., Zanoli, P., Puia, G., Kleinschnitz, M., Schreier, P., and
Baraldi, M. (2000). Pharmacological profile of apigenin, a flavonoid isolated
from Matricaria chamomilla. Biochem. Pharmacol. 59, 1387–1394. doi: 10.
1016/s0006-2952(00)00264-1
Bae, N., Chung, S., Kim, H. J., Cha, J. W., Oh, H., Gu, M. Y., et al.
(2015). Neuroprotective effect of modified Chungsimyeolda-tang, a
traditional Korean herbal formula, via autophagy induction in models of
Parkinson’s disease. J. Ethnopharmacol. 159, 93–101. doi: 10.1016/j.jep.2014.
11.007
Bajusz, D., Rácz, A., and Héberger, K. (2015). Why is Tanimoto index an
appropriate choice for fingerprint-based similarity calculations? J. Cheminform.
7:20. doi: 10.1186/s13321-015-0069-3
Barreto, G. E., Gonzalez, J., Torres, Y., andMorales, L. (2011). Astrocytic-neuronal
crosstalk: implications for neuroprotection from brain injury.Neurosci. Res. 71,
107–113. doi: 10.1016/j.neures.2011.06.004
Beitz, J. M. (2014). Parkinson’s disease: a review. Front. Biosci. (Schol. Ed.) 6, 65–74.
doi: 10.2741/S415
Betarbet, R., Sherer, T. B., MacKenzie, G., Garcia-Osuna, M., Panov, A. V., and
Greenamyre, J. T. (2000). Chronic systemic pesticide exposure reproduces
features of Parkinson’s disease. Nat. Neurosci. 3, 1301–1306. doi: 10.1038/
81834
Cabeza-Arvelaiz, Y., and Schiestl, R. H. (2012). Transcriptome analysis of a
rotenone model of parkinsonism reveals complex I-tied and -untied toxicity
mechanisms common to neurodegenerative diseases. PLoS One 7:e44700.
doi: 10.1371/journal.pone.0044700
Cabezas, R., Avila, M., Gonzalez, J., El-Bachá, R. S., Báez, E., García-Segura, L. M.,
et al. (2014). Astrocytic modulation of blood brain barrier: perspectives on
Parkinson’s disease. Front. Cell. Neurosci. 8:211. doi: 10.3389/fncel.2014.00211
Cabezas, R., El-Bachá, R. S., González, J., and Barreto, G. E. (2012). Mitochondrial
functions in astrocytes: neuroprotective implications from oxidative
damage by rotenone. Neurosci. Res. 74, 80–90. doi: 10.1016/j.neures.2012.
07.008
Carlini, E. A. (2003). Plants and the central nervous system. Pharmacol. Biochem.
Behav. 75, 501–512. doi: 10.1016/s0091-3057(03)00112-6
Chen, E. Y., Tan, C. M., Kou, Y., Duan, Q., Wang, Z., Meirelles, G. V., et al. (2013).
Enrichr: interactive and collaborative HTML5 gene list enrichment analysis
tool. BMC Bioinformatics 14:128. doi: 10.1186/1471-2105-14-128
Chen, E. Y., Xu, H., Gordonov, S., Lim, M. P., Perkins, M. H., and
Ma’ayan, A. (2012). Expression2Kinases: mRNA profiling linked to
multiple upstream regulatory layers. Bioinformatics 28, 105–111. doi: 10.
1093/bioinformatics/btr625
Cope, D., Hughes, S., and Crunelli, V. (2005). GABAA receptor-mediated
tonic inhibition in thalamic neurons. J. Neurosci. 25, 11553–11563. doi: 10.
1523/JNEUROSCI.3362-05.2005
Cummings, J. L., and Zhong, K. (2006). Treatments for behavioural disorders
in neurodegenerative diseases: drug development strategies. Nat. Rev. Drug
Discov. 5, 64–74. doi: 10.1038/nrd1928
Dannenfelser, R., Clark, N. R., and Ma’ayan, A. (2012). Genes2FANs: connecting
genes through functional association networks. BMC Bioinformatics 13:156.
doi: 10.1186/1471-2105-13-156
Dawson, T. M., and Dawson, V. L. (2003). Molecular pathways of
neurodegeneration in Parkinson’s disease. Science 302, 819–822. doi: 10.
1126/science.1087753
de Oliveria, D. M., Barreto, G., De Andrade, D. V., Saraceno, E., Aon-Bertolino,
L., Capani, F., et al. (2009). Cytoprotective effect of Valeriana officinalis extract
Frontiers in Aging Neuroscience | www.frontiersin.org 10 May 2016 | Volume 8 | Article 97
Santos et al. SUR1 and Valeriana officinalis Metabolites Interactions
on an in vitro experimental model of Parkinson disease. Neurochem. Res. 34,
215–220. doi: 10.1007/s11064-008-9749-y
Deutch, A. Y., and Winder, D. G. (2006). A channel to neurodegeneration. Nat.
Med. 12, 17–18. doi: 10.1038/nm0106-17
Dodson, M. W., and Guo, M. (2007). Pink1, Parkin, DJ-1 and mitochondrial
dysfunction in Parkinson’s disease. Curr. Opin. Neurobiol. 17, 331–337. doi: 10.
1016/j.conb.2007.04.010
dos Santos, A. B., Barreto, G. E., and Kohlmeier, K. A. (2014). Treatment
of sleeping disorders should be considered in clinical management of
Parkinson’s disease. Front. Aging Neurosci. 6:273. doi: 10.3389/fnagi.2014.
00273
dos Santos, A. B., Kohlmeier, K. A., and Barreto, G. E. (2015). Are sleep
disturbances preclinical markers of Parkinson’s disease? Neurochem. Res. 40,
421–427. doi: 10.1007/s11064-014-1488-7
Edwards, Y. J., Beecham, G. W., Scott, W. K., Khuri, S., Bademci, G., Tekin, D.,
et al. (2011). Identifying consensus disease pathways in Parkinson’s disease
using an integrative systems biology approach. PLoS One 6:e16917. doi: 10.
1371/journal.pone.0016917
Fernández, S., Wasowski, C., Paladini, A. C., and Marder, M. (2004). Sedative
and sleep-enhancing properties of linarin, a flavonoid-isolated from Valeriana
officinalis. Pharmacol. Biochem. Behav. 77, 399–404. doi: 10.1016/j.pbb.2003.
12.003
Gaiteri, C., Ding, Y., French, B., Tseng, G. C., and Sibille, E. (2014).
Beyond modules and hubs: the potential of gene coexpression networks for
investigating molecular mechanisms of complex brain disorders. Genes Brain
Behav. 13, 13–24. doi: 10.1111/gbb.12106
Giordano, S., Lee, J., Darley-Usmar, V. M., and Zhang, J. (2012). Distinct effects of
rotenone, 1-methyl-4-phenylpyridinium and 6-hydroxydopamine on cellular
bioenergetics and cell death. PLoS One 7:e44610. doi: 10.1371/journal.pone.
0044610
Hald, A., and Lotharius, J. (2005). Oxidative stress and inflammation in
Parkinson’s disease: is there a causal link? Exp. Neurol. 193, 279–290. doi: 10.
1016/j.expneurol.2005.01.013
Hawrylycz, M. J., Lein, E. S., Guillozet-Bongaarts, A. L., Shen, E. H., Ng,
L., Miller, J. A., et al. (2012). An anatomically comprehensive atlas of the
adult human brain transcriptome. Nature 489, 391–399. doi: 10.1038/nature
11405
Henchcliffe, C., and Beal, M. F. (2008). Mitochondrial biology and oxidative stress
in Parkinson disease pathogenesis.Nat. Clin. Pract. Neurol. 4, 600–609. doi: 10.
1038/ncpneuro0924
Hiep, N. T., Kwon, J., Kim, D. W., Hwang, B. Y., Lee, H. J., Mar, W., et al. (2015).
Isoflavones with neuroprotective activities from fruits ofCudrania tricuspidata.
Phytochemistry 111, 141–148. doi: 10.1016/j.phytochem.2014.10.021
Houghton, P. J. (1999). The scientific basis for the reputed activity of Valerian.
J. Pharm. Pharmacol. 51, 505–512. doi: 10.1211/0022357991772772
Johnson, M. E., and Bobrovskaya, L. (2015). An update on the rotenone models of
Parkinson’s disease: their ability to reproduce the features of clinical disease and
model gene-environment interactions. Neurotoxicology 46, 101–116. doi: 10.
1016/j.neuro.2014.12.002
Keiser, M. J., Roth, B. L., Armbruster, B. N., Ernsberger, P., Irwin, J. J., and
Shoichet, B. K. (2007). Relating protein pharmacology by ligand chemistry.Nat.
Biotechnol. 25, 197–206. doi: 10.1038/nbt1284
Keiser, M. J., Setola, V., Irwin, J. J., Laggner, C., Abbas, A. I., Hufeisen, S. J.,
et al. (2009). Predicting new molecular targets for known drugs. Nature 462,
175–181. doi: 10.1038/nature08506
Kennedy, D. O., andWightman, E. L. (2011). Herbal extracts and phytochemicals:
plant secondary metabolites and the enhancement of human brain function.
Adv. Nutr. 2, 32–50. doi: 10.3945/an.110.000117
Khom, S., Baburin, I., Timin, E., Hohaus, A., Trauner, G., Kopp, B., et al.
(2007). Valerenic acid potentiates and inhibits GABAA receptors: molecular
mechanism and subunit specificity. Neuropharmacology 53, 178–187. doi: 10.
1016/j.neuropharm.2007.04.018
Khom, S., Strommer, B., Ramharter, J., Schwarz, T., Schwarzer, C., Erker, T., et al.
(2010). Valerenic acid derivatives as novel subunit-selective GABAA receptor
ligands - in vitro and in vivo characterization. Br. J. Pharmacol. 161, 65–78.
doi: 10.1111/j.1476-5381.2010.00865.x
Kim, S. W., Kim, C. E., and Kim, M. H. (2011). Flavonoids inhibit high glucose-
induced up-regulation of ICAM-1 via the p38 MAPK pathway in human vein
endothelial cells. Biochem. Biophys. Res. Commun. 415, 602–607. doi: 10.1016/j.
bbrc.2011.10.115
Kwon, J., Hiep, N. T., Kim, D. W., Hwang, B. Y., Lee, H. J., Mar, W., et al. (2014).
Neuroprotective xanthones from the root bark of cudrania tricuspidata. J. Nat.
Prod. 77, 1893–1901. doi: 10.1021/np500364x
Liss, B., Haeckel, O., Wildmann, J., Miki, T., Seino, S., and Roeper, J. (2005).
K-ATP channels promote the differential degeneration of dopaminergic
midbrain neurons. Nat. Neurosci. 8, 1742–1751. doi: 10.1038/nn1570
Mata, I. F., Wedemeyer, W. J., Farrer, M. J., Taylor, J. P., and Gallo,
K. A. (2006). LRRK2 in Parkinson’s disease: protein domains and
functional insights. Trends Neurosci. 29, 286–293. doi: 10.1016/j.tins.2006.
03.006
National Toxicology Program, Chemical Information Review Document.
(2009). Available online at: https://ntp.niehs.nih.gov/ntp/noms/support_docs/
valerian_nov2009_508.pdf
Oinonen, P. P., Jokela, J. K., Hatakka, A. I., and Vuorela, P. M. (2006). Linarin,
a selective acetylcholinesterase inhibitor from Mentha arvensis. Fitoterapia 77,
429–434. doi: 10.1016/j.fitote.2006.05.002
Opsahl, T., Agneessens, F., and Skvoretz, J. (2010). Node centrality in weighted
networks: generalizing degree and shortest paths. Soc. Networks 32, 245–251.
doi: 10.1016/j.socnet.2010.03.006
Perier, C., and Vila, M. (2012). Mitochondrial biology and Parkinson’s disease.
Cold Spring Harb. Perspect. Med. 2:a009332. doi: 10.1101/cshperspect.
a009332
Qi, Z., Miller, G. W., and Voit, E. O. (2014). Rotenone and paraquat
perturb dopamine metabolism: a computational analysis of pesticide toxicity.
Toxicology 315, 92–101. doi: 10.1016/j.tox.2013.11.003
Rieckmann, A., Gomperts, S. N., Johnson, K. A., Growdon, J. H., and
Van Dijk, K. R. (2015). Putamen-midbrain functional connectivity is
related to striatal dopamine transporter availability in patients with
Lewy body diseases. Neuroimage Clin. 8, 554–559. doi: 10.1016/j.nicl.2015.
06.001
Riedel, E., Hänsel, R., and Ehrke, G. (1982). Inhibition of gamma-aminobutyric
acid catabolism by valerenic acid derivatives. Planta Med. 46, 219–220. doi: 10.
1055/s-2007-971218
Sai, Y., Wu, Q., Le, W., Ye, F., Li, Y., and Dong, Z. (2008). Rotenone-
induced PC12 cell toxicity is caused by oxidative stress resulting from altered
dopamine metabolism. Toxicol. In Vitro 22, 1461–1468. doi: 10.1016/j.tiv.2008.
04.019
Sun, H. S., and Feng, Z. P. (2013). Neuroprotective role of ATP-sensitive potassium
channels in cerebral ischemia.Acta Pharmacol. Sin. 34, 24–32. doi: 10.1038/aps.
2012.138
Sutachan, J. J., Casas, Z., Albarracin, S. L., Stab, B. R. II, Samudio, I., Gonzalez, J.,
et al. (2012). Cellular andmolecular mechanisms of antioxidants in Parkinson’s
disease. Nutr. Neurosci. 15, 120–126. doi: 10.1179/1476830511Y.000
0000033
Tirkey, N., Pilkhwal, S., Kuhad, A., and Chopra, K. (2005). Hesperidin, a citrus
bioflavonoid, decreases the oxidative stress produced by carbon tetrachloride
in rat liver and kidney. BMC Pharmacol. 5:2. doi: 10.1186/1471-221
0-5-2
Trauner, G., Khom, S., Baburin, I., Benedek, B., Hering, S., and Kopp, B.
(2008). Modulation of GABAA receptors by valerian extracts is related to
the content of valerenic acid. Planta Med. 74, 19–24. doi: 10.1055/s-2007-
993761
Trott, O., and Olson, A. J. (2010). AutoDock Vina: improving the speed and
accuracy of docking with a new scoring function, efficient optimization
and multithreading. J. Comput. Chem. 31, 455–461. doi: 10.1002/jcc.
21334
Uversky, V. N., Davé, V., Iakoucheva, L. M., Malaney, P., Metallo, S. J., Pathak,
R. R., et al. (2014). Pathological unfoldomics of uncontrolled chaos: intrinsically
disordered proteins and human diseases. Chem. Rev. 114, 6844–6879. doi: 10.
1021/cr400713r
Wang, J., Huang, Y., and Ning, Q. (2011). Review on regulation of inwardly
rectifying potassium channels. Crit. Rev. Eukaryot. Gene Expr. 21, 303–311.
doi: 10.1615/critreveukargeneexpr.v21.i4.10
Willard, A. M., Bouchard, R. S., and Gittis, A. H. (2015). Differential degradation
of motor deficits during gradual dopamine depletion with 6-hydroxydopamine
in mice. Neuroscience 301, 254–267. doi: 10.1016/j.neuroscience.2015.05.068
Frontiers in Aging Neuroscience | www.frontiersin.org 11 May 2016 | Volume 8 | Article 97
Santos et al. SUR1 and Valeriana officinalis Metabolites Interactions
Wood-Kaczmar, A., Gandhi, S., and Wood, N. W. (2006). Understanding the
molecular causes of Parkinson’s disease. Trends Mol. Med. 12, 521–528. doi: 10.
1016/j.molmed.2006.09.007
Yao, Z., and Wood, N. W. (2009). Cell death pathways in Parkinson’s disease:
role of mitochondria.Antioxid. Redox Signal. 11, 2135–2149. doi: 10.1089/ARS.
2009.2624
Yuan, C. S., Mehendale, S., Xiao, Y., Aung, H. H., Xie, J. T., and
Ang-Lee, M. K. (2004). The gamma-aminobutyric acidergic effects
of valerian and valerenic acid on rat brainstem neuronal activity.
Anesth. Analg. 98, 353–358. doi: 10.1213/01.ane.0000096189.70
405.a5
Conflict of Interest Statement: The authors declare that the research was
conducted in the absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.
Copyright © 2016 Santos, Giraldez-Alvarez, Ávila-Rodriguez, Capani, Galembeck,
Neto, Barreto and Andrade. This is an open-access article distributed under the
terms of the Creative Commons Attribution License (CC BY). The use, distribution
and reproduction in other forums is permitted, provided the original author(s) or
licensor are credited and that the original publication in this journal is cited, in
accordance with accepted academic practice. No use, distribution or reproduction
is permitted which does not comply with these terms.
Frontiers in Aging Neuroscience | www.frontiersin.org 12 May 2016 | Volume 8 | Article 97
